Using patent data from the European Patent Office combined with firm level data, we evaluate the contribution of science linkages to the innovation performance of a firm at the patent level. We examine the effect of i) firm level linkages to science (firms active in publication and copublication), and ii) invention-specific linkages (patents with citations to scientific publications) on patent quality measures. Our results suggest that citations to scientific publications are not significant in explaining forward citations but are positively related to the scope of forward citations, both in terms of generality and geographical dispersion. Our main finding is that it is the linkage to science at the firm level that matters more for forward citations, except for patents in emerging technologies. In particular, non-science related patents of firms with firm level scientific linkages are more frequently and more quickly cited than comparable patents of firms without these science linkages.
Introduction
An important and recurrent concern in economics has been to understand to what extent science explains technological progress. The answer to this question has profound implications on public policy, notably on the decision to fund public research by public institutions. The works by Jaffe (1989) and Adams (1990) have shown the importance of basic science (e.g. public research expenditures or outputs, e.g. publications) for economic growth while research by Acs, Audretsch and Feldman (1992) and others, have revealed the significant externalities stemming from local academic research on private R&D and patenting.
1 More recent studies suggest that the links to basic research by private firms have increased in the last decade and they manifest themselves today in multiple ways: growing university-industry collaboration (e.g. joint research, sharing of equipment and research tools) and contracting (Liebeskind et al, 1996; 2001; Zucker et al, 2001; , industry financing university research (OECD, 2004) , increasing university spin-offs and licensing (Jansen and Thursby, 2001; Thursby and Thursby, 2002; Agrawal, 2002) , mobility of university researchers (Kim et al, 2005; Geuna et al, 2005) , and so forth. One of the most visible indications of growing science linkages by industry is found in the citations to science in patents (Narin et al, 1997; Hicks et al, 2001 ). For instance, Narin et al (1997) reported a threefold increase in the number of citations to academic literature in industrial patents in the United States through the mid 1990s. Accordingly, 73% percent of the papers cited by industry patents were authored at academic, governmental, and other public institutions.
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These patterns evidence the increasing role played by in industry science links (ISL) in the search for competitive advantages by private firms. In spite of these growing connections to science our understanding of how these knowledge transmissions take place and how they modify the innovation process by private firms still remains unclear. Due to the highly specific nature of the know-how involved, only a select set of firms within specific industries are in fact formally dealing with scientific know-how offered by universities or other science institutes.
For firms, science is more important as source of information for innovation in those 1 The importance of academic research for industrial innovation has also been corroborated in survey based studies (Mansfield, 1991 (Mansfield, , 1995 Cohen, Nelson and Walsh, 2002) . 2 Branstetter (2004) and Van Looy et al (2004) have also confirmed an increasing citation to academic publications in patents.
technology fields where new breakthrough innovations can be achieved and transferred to new products and processes.
Breakthrough innovations are not the only economic benefits of science for industrial innovation. Research has shown that basic research influences in different and complex ways a firm's innovation process. By providing a map for research and codified forms of problem solving (Fleming, 1997; Fleming and Sorenson, 2004) , science helps firms to avoid wasteful experimentation and focus on the most promising research paths, thereby increasing the productivity of internal research (Evenson and Kislev, 1976; Gambardella, 1995) . 4 It also serves to expand firms' absorptive capacity which allows firms to better screen and absorb external information (Cockburn and Henderson, 1998) . Empirical research on ISL has shown that university-industry collaborations contribute to increase firms' research productivity, but that their contribution depends on firms' research capabilities and abilities to absorb scientific knowledge (Adams et al, 2001; Zucker et al, 2001; Zucker et al, 2002) . One important shortcoming in this line of research is the lack of evaluation of the contribution of science to the quality of inventions and the specific mechanisms used by firms to link to scinece. This paper fills this gap.
Using patent data from the European Patent Office combined with firm level data, we evaluate the contribution of science linkages to the innovation performance of a firm at the patent level.
We examine the effect of i) firm level linkages to science and ii) invention-specific linkages (citation in patents to science) on the quality of patents (as measured by forward patent citation). 5 Our data consists of 1186 granted patents at the European Patent Office during 1995-2001 for a sample of 79 Flemish firms, identified as innovation active through the Eurostat CIS survey. Firms' scientific linkages are defined through several connections of the patenting firm with science, but are not necessarily directly related to the focal patent: i) the number of assignees' scientific publications and/or co-publications with universities; ii) cooperation links with scientific institutes (as found in the Community Innovation Survey, 1998 Survey, -2000 ; iii) use of public sources of information (ibid). As a measure of invention-specific scientific 4 It contributes notably to overcome the difficulties attributed to the interdependency of technologies by reducing the landscape for research and maximizing thus the probability of discovery (Fleming and Sorenson, 2005) . 5 Following previous studies on patent quality (e.g. Harhoff et al, 1999; Reitzig, 2002) , we use the number of forward citations received by focal patent as an indication of technological impact of inventions.
connection, we use the scientific non-patent references cited by the (focal) patent (and found in the ISI-Web of Knowledge database).
We contribute to the literature in several aspects. First, we bring the literature on industry science links, which has focused mostly on determining who is engaged in ISL, to the level of studying the impact of ISL on the production of patents, i.e. is there a citation premium related to science linkage? Previous empirical research has shown that university patents, because they rely on more fundamental knowledge, are broader in scope and cited more frequently than private firm patents. By comparing private patents, we evaluate whether science linkages are also valuable for firms' by generating a citation premium.
Second, this paper attempts to expand the traditional analysis of determinants of quality of patents. Past research has shown the highly skewed distribution of quality (e.g. forward citation, renewal probability..) and economic value across patents within technologies (e.g. Scherer et al, 1999) . As previously studied in the literature, the technological impact of patents is associated to the nature of the invention (attributes of the patent) and explained by the individuals who created that invention; e.g. experience or competences (Gay and Le Bas, 2003; Gambardella et al, 2005) . However, researchers have often ignored the characteristics of the firms' or assignee as determinants in the quality analysis of patents. 6 We claim that part of this skewed distribution of value of patents can be explained by the heterogeneity across the patent owners, in particular by the scientific capabilities of firms which allow them to decode advances in fundamental knowledge, and transfer basic research into a sequence of technology applications.
These scientific capabilities of firms have been found to be equally skewed across firms, and are therefore an interesting candidate for being matched with the skewedness in patent citations.
Both descriptive and econometric analysis based on patent forward citations lead us to the following conclusions. First, our results suggest that citations to scientific publications (invention linkage to science) are less relevant in explaining forward citation but do relate to the scope of forward citation, both in terms of generality and geographical dispersion. 7 This finding can be explained by the fact that patents citing science may contain more complex and 6 Researches have attempted to control for the nature of the organization owning the patent; e.g. public and private organizations, universities versus corporations Scherer et al, 1999; Gambardella et al, 2005) . 7 The irrelevance of citation to science in the patent could be related to the findings previously reported by descriptive analyses that have cast doubt about the meaning of references to prior art in european patents (Meyer, 2000; Tijssen, 2001 Tijssen, , 2002 .
fundamental knowledge that not easily diffuses. Any potential application of this knowledge, while indeed pioneering, is still far from the market. In contrast, a firm's proximity to science matters for patent quality: in particular, non-science related patents of firms with firm level scientific linkages are more frequently and more quickly cited than comparable patents of firms without these science linkages. This finding evidences the existence of internal spillovers within scientific-oriented firms (knowledge transfer across inventors) allowing these firms to write more valuable applied patents. It also suggests a process of innovation consisting in achieving high impact inventions building on more fundamental innovations (patents with non patent references), and transferring knowledge between inventors. In this way, this paper calls for a broader perspective in the evaluation of determinants of patent quality and contribution of science linkages at the firm level for innovation performance at the invention level. These findings describe the importance of firm-level science linkages for patent quality, in general.
But when distinguishing according to the type of technology/industry, these firm-level science linkages seem to become less important when the technologies concerned are highly evolving technologies. In these cases, the invention-specific linkage to science seem to matter more.
The paper is organized as follows. Section 2 presents a summary of the literature and reviews previous empirical work. Section 3 describes our data and presents the empirical model while section 4 reports on the econometric results. The final section presents our conclusions and identifies some policy implications.
Literature Background

The Growing Economic Importance of Science Links
Using a diversity of methodologies, economists have since long attempted to asses the economic payoffs of basic research. Relying on the assumption of informational properties of basic research (non-rival and non-excludable; Arrow, 1962; Dasgupta and David, 1994) , economists such as Griliches (1984) and Adams (1988; Complementary research based on survey studies, has provided alternative estimates of the importance of basic research for industrial innovation and economic performance. For instance, relying on a survey of 76 U.S. firms in seven industries, Mansfield (1991) found that 11% of new product innovations and 9% of process innovations would not have been developed (without substantial delay) in the absence of recent academic research; which represented respectively 3% and 1% of sales. In addition, firms declared that 8% of their products were developed with substantial input from recent academic research (6 % of process innovations).
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Both the 1983 Yale Survey and the 1994 Carnegie Mellon Survey (CMS) of R&D have shown the relevance of university research for innovation as conceived by managers. According to the CMS, American firms consider publishing by universities and patenting amongst the most important sources of knowledge to innovate Cohen et al, (2002) . 10 A different perception is found in European firms. The evidence from the Community Innovation Survey shows that only a small fraction of innovative enterprises consider scientific information, i.e. from universities and public research labs; as an important information source in their innovation process. In the Eurostat-Community Innovation Survey CIS-III (1999 , of all reporting innovative EU firms (excl UK) 4.5% rated universities as important sources of information, while 68% indicated universities as not important at all. The CIS results also show the importance of science as information source to be highly firm size and technology specific.
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An additional indicator of the use of science constitutes the citation to scientific publications (non patent references) in patents. Using this indicator, Narin et al (1997) revealed three 8 See Griliches (1995) for a review of the literature on estimates of private and social rates of return to private and publicly funded R&D spending. 9 Using these figures, Mansfield estimated the rate of return from academic research to be 28%. In a follow-up study in 1998, Mansfield found that the academic research was becoming increasingly more important for industrial innovation: 15% of new products and 11% of new processes could not have been developed in the absence of academic research, accounting in total for 5% of total sales. Mansfield second study also revealed that the time delay from academic research to industrial practice has shortened from 7 years to 6. 10 The results indicate that the key channels through which university research impacts industrial R&D include published papers and reports, public conferences and meetings, informal information exchange, and consulting, amongst others. 11 Concentrating on surveying Europe's largest industrial firms only, Arundel and Geuna (2004) McMillan et al, 2000; Callaert et al, 2003; Van Looy et al, 2004) . 12 In an attempt to disentangle the causes of these increasing linkages to science in the U.S. patents, Branstetter (2004) and Branstetter and Ogura (2005) found that these trends are best explained by a combination of the "changing composition" between scientific and technology research fertility and the "changing methods of invention" associated to an increased emphasis on the use of the knowledge generated by university-based scientists in later years. 13 Nonetheless, their findings show that in spite of such dramatic rising, the new technological opportunities generated by academic research are found to be overwhelmingly concentrated in the "bionexus" area, that is, in the cross-field of biosciences and biotech-based technologies (Branstteter, 2004; Branstteter and Ogura, 2005) . This finding persistently comes out in parallel studies (Callaert et al, 2003; Van Looy et al, 2004) , suggesting in that way the crucial role of science for new technologies and related industries experiencing technological change (e.g. biotechnology and pharmaceuticals; information and telecommunication technologies, etc.).
Uncovering the process through which science affects private innovation
The available evidence indicates the wide firm heterogeneity in the importance of science links.
Several strategic advantages have been identified to explain the firm's choice on whether to adopt or link to science. These include an increase of productivity and level of applied research effort (Evenson and Kislev, 1976) , substantial gains in overall R&D productivity (Henderson and Cockburn, 1994; Gambardella, 1995) , the development of absorptive capacity , labor cost reductions (Stern; 1999) , amongst others. As they 12 For patents in biotechnology, McMillan et al (2000) also report a strong national bias in the citation patterns, which can be explained by a more productive fertilization between national science and technology, an increase of scientific publication activity and a renewal of research strategy by private firms, more intensively focused on the opportunities given by open science. 13 Changes in the distribution of patenting across technologies and changes in the distribution of publications across fields would appear to explain much more of the total variance in patent citations than does average changes across fields in per-patent citation behavior over time (Branstetter, 2004; Branstetter and Oruga, 2005) .
report successes and failures from basic research in a codified form of problem-solving, science increases the efficiency of private research (Arrow, 1962; Nelson, 1982; Dasgupta and David, 1994) . The dissemination of scientific advances through open science reduces the degree of redundant effort providing useful information about technological opportunities, new industrial applications or re-combination of existing knowledge pieces . As explained by Fleming and Sorenson (2004) , science serves as a map for technological landscapes guiding private research in the direction of most promising technological venues avoiding thereby wasteful experimentation. 14 Further, the adoption of open science -for instance through pro-publication incentives- (Cockburn & Henderson,1998) , helps firms to attract high quality academic researchers whose economic value might often be higher than their actual remuneration. Stern (1999) has shown that researchers looking for academic reputation, may want to pursue research projects leading to publications and are therefore, prompt to accept lower salaries in exchange of permission to keep up with scientific research. These researchers are twofold valued, they do not only imply important labor costs reductions for the firm, but also they constitute the "bridge" ('gatekeepers' and "boundary spanners") with the scientific or academic world. In spite of such paybacks, the adoption of science remains limited to a restricted set of firms, as the empirical evidence has detailed. Past research has shown that adoption of science is not costless, it is highly conditional on human capital and adoption of new organizational practices (Gambardella, 1995; .
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Research seems to confirm that, contingent upon internal absorption capacity, the difficulties inherent to the transfer of tacit and complex knowledge often leads firms to look for collaborative agreements with science. 16 Working jointly at the lab bench allows firms to capture tacit upfront research, absorb spillovers and de-codification of scientific knowledge generated by scientists at universities and public research centers, especially when tacit 14 According to Fleming and Sorenson (2004) , scientific knowledge differs from that derived through 'local' search within the firm -which is closely related to firms' prior research activities-, namely because the scientific endeavour attempts to generate and test theories and fundamental ideas, whereas local search is focused on finding new technological solutions within a predetermined pool of knowledge. 15 have shown the long lasting influence of "initial conditions' (e.g. prior involvement in scientific activities) to explain firms' regular adoption of science in the pharmaceutical industry. They show that firms that were engaged in science since the beginning of the sample period are the ones who are also the most engaged today in adopting science for drug discovery. 16 As shown by Zucker et al (2001) , the degree to which the scientific literature can produce such strong apparent knowledge capture by firms depends on: a) the characteristics of tacit, complex knowledge that lead to natural excludability (and market exclusion), and b) selection by firms of discoveries for which the degree of knowledge capture is likely to offset sunk costs incurred in making the scientific discovery a commercial innovation.
knowledge is embodied in individual discovering scientists. However, while the figures suggest that university-industry collaboration are widely expanding, the rate of failure or dispute in this kind of agreements remains important. Industry-university links are subject to tensions regarding intellectual property, access and dissemination strategy of knowledge, and others, inhibiting the chances to successfully translate scientific information into new products (Jansen and Thursby, 2001; Thursby and Thursby, 2002; Hall et al, 2001; Poyago-Theotoky et al, 2002) . 17
Empirical evidence on effects from science links
Mostly focused at the firm-level of analysis, the empirical literature has previously assessed the role of scientific-connections, notably partnerships with university researchers, on firm performance (e.g. Audretsch and Stephan, 1996; Zucker et al 1998; Cockburn and Henderson, 1998) . Using university collaboration as a scientific-link, these papers coincide in the boosting or complementary effect of cooperation on internal R&D (Adams et al, 2000) , innovation productivity and sales (Belderbos et al, 2005) . 18 While they provide little explanation about the process through which science affects private innovation, the studies relying on the patent production function have found that science involvement and ties with academic star scientists-, can lead to more technology (Henderson and Cockburn, 1996; Zucker et al, 2002; Cockburn and Henderson, 1998) ; more "important" patents: i.e. international patents (Henderson and Cockburn, 1994) ; and higher average of quality adjusted patenting Zucker et al, 2002) .
The work by Cockburn and Henderson (1998) has shown that not only absorption capacity (Cohen and Levinthal, 1989; Kamien and Zang, 2000) in basic research matters but also direct involvement into science. Using data on co-authorship of scientific papers for a sample of pharmaceutical firms, they show that firms connected to science show a higher performance in drug discovery and that this connectedness is closely related to the number of star scientists employed by the firm. 19 Zucker et al (1998) and Darby and Zucker (2001; found that location of top star scientists predicts firm entry into biotechnology (by new and existing firms) both in the United States and Japan, while Darby and Zucker (2005) recently provided evidence that firms enter nanotechnology where and when scientists are publishing breakthrough academic articles. 20 For biotechnology in Japan, Darby and Zucker (2001) show that collaborations between particular university star scientists and firms had a large positive impact on firm research productivity, increasing the average firm's biotech patents by 34 percent, products in development by 27 percent, and products on the market by 8 percent as of 1989-1990. Turning to the evaluation of scientific links at the level of inventions or patents, the little research that exists on this, only offers a partial explanation. In a sample of 83 pharmaceutical and biotechnology firms, Markiewicz (2004) shows that absorption capacity (R&D intensity and publications) and co-publishing with universities alter the innovation process: both are associated with more exploitation of published scientific research (citations to non patent literature), shorter lag times between existing knowledge and new firm inventions. Mariani (2003) shows that the R&D intensity and technological specialization of firms (jointly with geographically localized spillovers), matter for the technological impact (forward citation) of biotech and chemical patents.
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Regarding the empirical evidence on the contribution of science-linkage (scientific non patent reference) to patent quality, the literature is more inconclusive. One would expect that patents relying on more fundamental knowledge would be more original and more likely to influence different technologies. This argument has found some support in previous studies on university patents Mowery and Ziedonis, 2002; . 22 Nevertheless, the works that have evaluated on firm patents the determinants of patent value provide more mixed results. Research by Harhoff et al (2003) , Fleming and Sorenson (2004) , Sorenson and Fleming (2004) or Markus and Reitzig (2003) show divergent results respect to the 19 Differences in the effectiveness with which a firm is accessing the upstream pool of knowledge correspond to differences in the research productivity of firms of as much as 30%. 20 Furthermore, they report a similar pattern previously reported in biotech: breakthroughs in nanoscale science and engineering appear frequently to be transferred to industrial application with the active participation of discovering academic scientists. 21 Further, firms' characteristics appear as the most significant drivers of patent quality for chemical patents. 22 Mowery and Ziedonis (2002) and Sampat, Mowery and Ziedonis (2003) have revised Hendersons' et al (1998) work and found university patents to consistently receive more citations than non-university patents; which confirms the higher quality and broadness of academic inventions.
contribution of non patent references to patent quality. Harhoff et al (2003) found that NPRs are informative about the technological (forward citation) and economic value (patent opposition) of pharmaceutical and chemical patents, but not in other technical fields. 23 In a study of US patents, Fleming and Sorenson (2004) show that having a "scientific" reference matters for technological impact of patents but that the benefits of using science depend upon the difficulty of the inventive problem being addressed: science only appears as beneficial when researchers work with highly interdependent -or coupled-knowledge pieces -which makes probability of discovery more uncertain.
Empirical Strategy and Variables
Variables for patent quality and science links
Our purpose in this paper is to evaluate the value of science linkages (invention and firm level)
to the quality of patents. In particular, we want to know first whether patents citing science have a stronger technological impact, and are therefore more frequently cited. Second, we want to asses to what extent the attributes of the firm, i.e. the scientific orientation of the firm, contribute to explain the technological impact of inventions (patents). Following past studies on patent quality (e.g. Henderson et al, 1998; Harhoff et al, 1999; Reitzig, 2002; 2003) , we use as our dependent variable the number of forward citations received for each patent since the year of application (EPO-OECD, 2005) . Our data on forward citation is available up to 2003
and it concerns all citations received from other European Patents and European patents with PCT equivalent. 24 Previous research has shown that the number of citations a patent receives is associated with its technological importance (Scherer et al, 1999) and social value (Trajtenberg, 1990 ) and correlated to the renewal of patents, the estimated economic value of 23 In a study of European polymer patent opposition, Reitzig (2002) did not find significant differences between patents reporting non patent references and those not reporting, to explain patent opposition likelihood; a similar finding is reported by Harhoff and Reitzig (2002) for a sample of biotechnology and pharmaceutical patents. However, an important shortcoming of these works is that they do not distinguish whether these non patent references concern scientific publications or not. 24 Our forward citations measures are built based on the publication date of the patent application. This data comes from the EPO-OECD Patent Citation Database (OECD, 2005) . Because our last grant date is 2001, the maximum number of years that our patents can be cited is 6 years (1998) (1999) (2000) (2001) (2002) (2003) and the minimum is 3 (2001) (2002) (2003) . We take into account citations received during the same year of publication. Our measure of forward citation is the total count of forward citation made by other European patents plus citations made by European patents with WIPO equivalents, for which the international search report is published by the World Patent Office. See Collin et al (2005) .
inventions and patent opposition (Lanjouw and Schankerman, 1999; Harhoff et al, 1999) .
In addition to the count of forward citations, we also analyze the effects of science linkages on nature of forward citations received. We calculate the generality index of patents across different patent classes and the geographical scope of the citations received. The indicator for generality is build as a Herfhindal index (Jaffe et al, 1997; Hall et al, 2001) :
, where s ij denotes the percentage of citations received by patent i that belong to patent class j, out of n i patent classes 25 . This measure has been used in previous studies as indicative of the impact of a patent, a high generality score suggesting that the patent presumably had a widespread impact, in that it influenced subsequent innovations in a variety of fields (Hall et al, 2001 ). The index of geographical impact is built in a similar way (1-Herfhindhal index of geographical concentration). Both measures are adjusted by the number of groups reported (Hall et al, 2001) . To measure the role of science on patent quality, we consider the effect of the patent having a citation to a scientific publication (invention science linkage) and the effect of the firm's linkages to science, as measured by its participation in open science and cooperation with universities (firm's scientific linkage) .
• The invention science-linkage. A patent linkage to science is defined as a dummy variable indicating whether the patent cites at least one NPR considered as a "scientific' publication (found in the ISI-Web of Science). The institutional features of the patent system validate the appearance of citations to science and technology in patents. In order to be patentable, a patent eligible invention must be shown to be both novel and non-obvious. To assess whether an invention disclosed in a patent application satisfies these requirements, a patent examiner reviews the prior art i.e. the search for state of-the-art technical and/or scientific literature, embodied in references to other patents and printed publications. The cited references both -patent and non patent-, define therefore the claims of the patent, its specific uses and applications, methods and procedures, etc.
26 25 If a patent is cited by subsequent patents that belong to a wide range of fields the measure will be high (close to one), whereas if most citations are concentrated in a few fields it will be low (close to zero). 26 Though examiners are officially responsible for constructing the list of prior art references against which patentability is judged, they rely in part on applicant disclosure of the prior art submitted with the patent application, on Information Disclosure Statements. The Non patent references (NPR) include scientific articles, technical papers, conference proceedings, textbooks, disclosure bulletins, abstracting services.
While there is strong discussion about the validity of NPR as a 'causal' and 'direct' link to science in patented technology (Tijssen et al, 2000; Tijssen, 2002; Meyer, 2000) , there is some recognition of their use as indicators of interplay between science-technology (see Schmoch, 1997; Meyer, 2000) . Past research has shown that the average level of non patent references is an appropriate proxy for quantifying the relationship of a technology field to a scientific domain Callaert et al, 2004) . 27 Researchers have argued however, that NPR should be treated with caution (Tijssen, 2002; Meyer, 2000a Meyer, , 2000b as they hardly represent a unidirectional direct link to science. 28 Others consider (e.g. Jaffe et al., 2000) patent and non patent citations as a "noisy signal" of knowledge flows, with examiners adding much of the noise. 29 As NPR and patent references are issued from the examiner revision of the prior art, citations rarely reflect or coincide with the science used by inventors (Tijssen, 2002) . This is basically the case in the European Patent system where patent applicants are not required to submit descriptions of the state of the art considered relevant to the patentability of the invention, contrary to the American counterpart ('duty of candour' doctrine).
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• Firm's scientific linkages (the indirect ISL). These are defined through various connections of the patenting firm with science, but are not necessarily directly related to the focal patent:
i) The cumulated number of scientific publications (found in the ISI Web of Knowledge)
by the firm (with publication dates 1990-1995). We also include a dummy indicating whether the firm has been engaged into publication activity: takes the value of 1 if the firm published at least one article up to the year in which the observed patent was filed (application date).
ii)
A dummy indicating whether the firm has been engaged into formal cooperation in 27 At the industry and country-level, the average intensity of science linkage in patents has been associated to higher national technological productivity, notably in science-intensive fields (Van Looy et al, 2003) . 28 Some NPR may reflect cases where technology is actually leading science, or refer to instances of reciprocal relationships where both knowledge generation processes are intertwined. 29 Harhoff et al. (2003) advance the idea that inserted references by the examiner are frequently a response to a broader patent scope envisaged by the applicant. Using survey based evidence from Dutch inventors, Tijssen (2002) finds that the presence of non patent citations on patents is not related to the science dependence of an invention itself as reported by the inventors themselves. In addition, no correlation is found between an indicator of science-intensity of the firm and the science-linkage of patents. 30 Other limitations refer to the bias imposed by the examiners' individual search strategy and cutting edge technologies with no prior published scientific art (Sampat, 2005) . The latter feature would imply that some patents without -scientific-non patent references represent in fact very novel knowledge and cover new technologies. Further, the intensity of citation to the scientific literature may be specific to examiners' characteristics (e.g. teams of junior-senior examiners do appear to identify larger shares of prior art, ibid). Lastly, the outcome of a patent examiners' search is also influenced by external factors such as the availability and treatment of the information (on line access and electronic bibliographic search tools, see Sampat, 2005) .
R&D with universities and governmental research centers.
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iii) A dummy indicating whether the firm considers public information a very important source for innovation (firms scoring "3" of a scale of three for "using" scientific information being very important).
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Data on publications is collected from the ISI-Web of Knowledge database. Data on firms' research strategies (e.g. engagement in research collaboration with universities and research centers and importance of public information for innovation) come from the Belgian Third Community Innovation Survey (1998) (1999) (2000) .
Hypotheses
Being aware of the noise around the use of citations to scientific references in patents, our first research question examines whether patents citing scientific publications are different in nature and scope of technological impact. As the invention they cover has a precedent or basis in the prior scientific art, these patents -like academic patents-, are more likely to cover broader inventions; and receiving therefore more citations in total but notably across different technologies and perhaps from broader geographic areas. 33 Further, as patent citations have been correlated to commercialization and acquisition of new technologies, a broader scope of forward citation across technologies and countries can be interpreted as bigger opportunities for market commercialization of patents (e.g. Sorenson and Fleming, 2004 1998 (1995-1997) . 32 We have defined those firms "using" open science information as those declaring a three points score in the survey (the rank is 0-3, 3 being very important). 33 Recall however that patents can be viewed as constituting an option for firms when the market scope for such invention is not yet well established at the moment of discovery (or patent application). If the market potential is not realized ex post, those basic patents will not be renewed later and no longer cited. 34 In their study of forward and backward patent citations for a sample of European patents belonging to CISFrench firms, Duguet and McGarvie (2004) show that forward citation from countries other than France is positively related to French firms' dissemination of knowledge through contract R&D and equipment sales.
technological impact. Because they follow fundamental knowledge and are able to decode scientific information, these firms are more likely to transfer advances in basic research into potential high impact industrial applications. As shown by Cockburn and Henderson (1998) among others, firms' closeness to science matters to produce high quality patents. We expect therefore a significant "firm individual" effect in the production of quality patents. We also expect patents from scientific firms -independently from the invention-science linkage-, to be broader in generality and geographical scope.
Our third hypothesis concerns the use of science and the nature of the firm. We argue that "scientific firms" engaged into publications are more able and efficient in using open science;
and might therefore be more competent to develop higher quality inventions associated to the cited scientific NPR. Therefore, once controlling for the invention-specific and firm specific linkage, we still assume a positive impact of the "scientific firm" dummy; which would imply that patents from scientific firms and having a linkage to science are superior in terms of technological impact to similar patents by firms not involved in science.
Finally, we extend the analysis of patent quality determinants by including a second firm-level linkage to "scientific" communities. We include a dummy variable indicating whether the firm has been engaged into R&D cooperation with universities. Previous studies have shown that having formal links to universities through cooperative agreements allow firms to better absorb tacit and complex knowledge underlying scientific research thereby increasing the productivity of internal R&D. We want to test whether cooperation status adds any explanatory power to the quality of patent, once controlled for the scientific-involvement status of the firm through its publications status. We also evaluate the interaction between cooperation status and the scientific NPR reference.
Control Variables
Following the literature on patent quality using forward citations, we need to control for intrinsic attributes of the patent (and technology) that may lead to a higher expected count of forward citations. We include in our model the following variables:
Patent citations made: Patent and non patent citations, determine the legal boundaries of the property rights to an invention (Jaffe et al, 1993) . 35 The number of backward citations of a patent reflects the extent of technology dependence but also signals strategies to avoid patent infringement. Some have argued that this is an indicator of cumulativeness of the patent (Reitzig, 2002) . 36 However, the empirical evidence tends to confirm a rather positive impact of patent citations made on forward citation and patent opposition likelihood (e.g. Harhorff et al, 2003; Reitzig, 2002) .
Backward citation lag:
The citation lag (backward patent citations) is a measure of the time necessary for a firm to assimilate prior technological information and to undertake its inventions. The shorter is this time, the faster the focal patent has been built respect to the cited patent (Fabrizio, 2004; Nagaoka, 2005) . We measure this variable as the time (years) between the publication of the cited patent application (in general, a patent cannot be cited before it is published) and the publication date of the referencing search report Scotchmer, 1991) . We employ two sets of patent scope indices: one at the 4 IPC digit level and one at the 8 digit IPC level. As explained by Lerner (1994) , the more general the research content of the patent (the broader the scope), the higher the probability to be cited by patents in different technology classes.
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Family size: We use the number of countries where patent protection has been sought within the EPO system for our focal patent. Putnam (1996) has shown that the number of jurisdictions in which patent protection is sought for a particular invention is likely to be 35 Patent citations indicate the patent office assignment that a particular invention builds upon the cited knowledge and that protection over this patent may not infringe the technological domains of the cited patents. 36 Fleming and Sorenson (2004) include the number of prior patent citations as a control for the degree of 'local search'. They argue that patent citations may also capture idiosyncratic differences in citation propensity that technology class controls miss. 37 We also include a dummy for patents which only cover one IPC classification (8 digit level) to capture any systematic difference between these inventions and those covering multiple subclasses Past research has shown that the use of science and the science-linkage in patents differs dramatically across technology classes. 40 We control for this pattern by including the average intensity of scientific references (relative to the number of non patent references)
by technology class. Moreover, the propensity to cite other patents differs dramatically across technology fields. 41 We control for permanent differences across industries in expected forward citation by including dummies for 5 broad technology classes (IPC Fraunhofer). 
Methods and Data
We assume that the process of forward citations follows a Poisson distribution (Hausman et al, 1984) , where citation is an event with relatively small probability of success: 
38 Scherer et al (1999) have shown that (international) family size and observed outcomes of opposition cases contribute to an approximation of the patent right's value both in terms of economic value (perceived selling price of the patent) and forward citation. 39 Recent work by Latham et al (2003) shows that that there is a direct, positive relationship between the involvement of a prolific (or foreign) inventor and the value of the new knowledge produced (forward citation). 40 The pharmaceutical and chemical, particularly the biotechnology classes, followed by information technologies are amongst the principal classes reporting scientific publications within their non patent references. 41 The degree of dependence of past technology obligates the patentee to declare of the possible connections with existing patents in order to avoid litigation; technologies such as semiconductors show consequently higher backward citation intensity. The citation propensity over time also differs across technological areas. Citations in Computers and Communications, come the fastest, followed by Electric and electronics (E&E), Drugs and Medical technologies. 42 As illustrated by Hall et al (2001) First, the Poisson process assumes equi-dispersion, the mean and variance of parameters i λ are restricted to be equal, which is not frequently the case. Estimates of a Poisson model for overdispersed data are unbiased, but inefficient with standard errors biased downward (Cameron and Trivedi 1998) . The Negative Binomial model (Hausman et al ; 1984 ) 43 allows for overdispersion and heterogeneity between subjects by including a unobserved (crosssectional) specific effect i u into the i λ so that :
It is assumed that i u is distributed gamma, then the integration leads to the negative binomial model and the unconditional distribution for i y can be expressed as: 
44
A second problem that arises is the over-dispersion of zeros in the data. The negative binomial model assumes a same probability process for having a zero than any other discrete value.
Zero-inflated models (Zero Inflated Poisson ; ZIP ; and Zero Inflated Negative Binomial ; ZINB) handle overdispersion by changing the mean structure to explicitly model the production of zero counts (Long, 1997). The zero inflated models deal with two sources of over-dispersion by portioning the observed variable into a qualitative and quantitative part. The 43 Both Long (1997) and Cameron and Trivedi (1998) note that the unobserved heterogeneity that can cause overdispersion can also cause there to be "excess zeros". In fact, Cameron and Trivedi (1998) review related work by other authors that shows that for certain mixture models, the heterogeneity that gives rise to the overdispersion will always raise the proportion of zeros. 44 The LR statistic follows the Chi-squared distribution with one degree of freedom. If the null hypothesis is rejected, negative binomial is preferred to the Poisson regression.
ZINB model allows for "excess of zeros" in count models under the assumption that the population is characterized by two regimes, one where members always have zero counts, and one where members have zero or positive counts (Long 1997).
The likelihood of being in either regime is estimated using a logit specification, while the counts in the second regime are estimated using a negative binomial specification. 45 The probability of zero forward citation
given covariates x, can be modeled as a logit distribution:
Then, we can write the unconditional probability of the count of forward citations as:
This expression gives the ZINB that we will estimate. In our model the set of covariates X i (in the logit model) and x i (in the count model) are the same; as there is no theoretical framework defining a different set of determinants for the zero citation model and the expected count of forward citations. The Poisson model and ZIP, and NBRM and ZINB cannot, however, be tested by this likelihood ratio, since they are not nested respectively. The Voung's statistic compares these non-nested models. are the probability density functions of the ZINB and ZIP respectively. In our case, the Vuong test yield a value of 5.59 with (Pr>Z=00) justifying our choice of the ZINB over ZIP.
Descriptive statistics
European counterparts. The unconditional standard deviation for the two measures of forward citations is higher than the mean suggesting over-dispersion of data. However, the panel F-D comparing patents without NPR across the two types of firms, finds significant differences. Non-NPR Patents from firms that are involved in science report higher forward citation and intensity, they cover a large number of IPC classes, and have a higher geographical impact but are not necessarily more general than non-NPR patents from firms' not engaged into science. These results provide some first evidence, although partial, about the importance of firm specific linkages rather than invention specific. corroborates the superiority of the Zero Inflated Negative Binomial over the standard negative 47 Logit coefficients can be interpreted like the normal logistic coefficients. In the logit part of the model, coefficient with a negative sign mean that changes in the related variable are inversely related to the likelihood of belonging to the zero citation group. In principle, the coefficients in the discrete part of the model (logit of zero citation) are expected to be the opposite of the expressed in the count model. 52 The scientific firm dummy variable is however not significant in explaining the probability of receiving forward citations. 48 The null hypothesis of the dispersion parameter (alfa) equal to zero is rejected at 1% (chi2(1)=99.72); which confirms the overdispersion of our dependent variable; and justifies the adoption of negative binomial model over a poisson specification. 49 As there is not underlying theoretical model distinguishing this probability from the expected count of citations we cannot assume an equivalent direct economic interpretation as in the count model. The use of the ZINB model attempts to correct for part of the "noise" characterizing the skewed distribution of citations associated to the over-dispersion of data and the intrinsic heterogeneity; as well as the excess of zeros. 50 We also included information on firm R&D expenditures from the CIS-survey, but the data on this variable are very noisy and do not generate robust results. 51 This result differs from the one reported by Gambardella et al (2005) on a sample (survey based) study on EPO patents for France, UK, Germany, Italy, Netherlands and Spain. They found that small and medium firms report higher economic value as conceived by the first or second inventor. 52 A log-likelihood ratio comparing the unrestricted versus restricted model gives a chi2 (1) With respect to the other control variables, our results show that the higher the number of backward patent citations, the larger the probability of not receiving a citation. Thus patents that rely more intensively in previous technologies are of a more cumulative or incremental nature. Further, patents that report a higher backward citation lag between the date of publication and the backward cited patents, are less likely to be found in the zero-citation group. Furthermore, patent quality is negatively associated to patents having a single IPC technology class (4 digit IPC classes); that is, very narrow patents shows a lower expected count of forward citations; although the effect is not significant. The results on the number of jurisdictions covered in the European community (EPO) seem to indicate that inventions that are filed internationally (although at the regional level) are more likely to cover quality patents.
Econometric Results
The impact of science linkages on forward citation
In addition, patent quality appears positively associated to the amount of past patenting by inventors. Experience enables inventors to develop more complex technologies, learn from past research; and improve quality of their research.
We want to elucidate what is behind the higher forward citation reported in patents without NPR in the previous descriptive analysis. The possible explanation for such patterns would be the existence of internal spillovers -knowledge transfers across inventors -that could be the link between patents with and without basic knowledge. Patents without NPR could be inventions having high qualified inventors that have come up with successful technological applications of existing fundamental knowledge. The very first patents with scientific NPR might be too complex or representing technologies at very embryonic stage to already receive a higher citation frequency. We investigate this issue in the Table 6 . The columns 1 and 2 report a ZINB model only in the sample of patents without NPR. The scientific-firm dummy appears significant, although with a similar impact as reported in the total sample. This finding suggests that even in the absence of invention-specific science linkages, firms that are formally involved into scientific activities (open science) are capable of producing higher impact patents.
It also suggests that the achievement of higher quality inventions by scientific firms follows a process of breaking up technology building on more fundamental innovations (patents with non patent references). The rest of the model display coefficients close to those from the total sample model.
Columns 3 and columns 4 report the ZINB model for the sample of patents in electrical engineering technologies, instruments, chemicals and pharmaceuticals, i.e. those technologies that typically are considered as science-intensive. Contrary to the regressions on the total sample, the quality of inventions measured by the count of forward citations in these science intensive industries appears to be largely influenced by individual science linkage: being a
firm engaged in open science increases the expected count of forward citation by more of 45%.
Expressed in factor changes, being a scientific firm increases the expected rate of forward
citation by a factor of 1.46. This finding is in line with the descriptive studies highlighting the preponderant importance (frequency) of science linkages in emerging technology fields (Hicks et al, 2000; Branstteter, 2004; Callaert et al, 2003) . The firm-level science linkage however appears as an irrelevant factor of patents' technological impact. We repeat the exercise of restricting the analysis to the sample of patents without NPR now for the science intensive technologies (columns 5 and 6). Again, it turns out that the scientific firm dummy is not longer important to explain technological impact of inventions. Hence, these findings suggest that the firm-level linkages to science matter for patent quality in general, but that they are however less important when the technologies concerned are highly evolving technologies. Likewise, the invention-specific linkage to science seem to matter for more science based technologies where breakthroughs are more frequently of taking place out of firms' laboratories --more likely to emerge at universities and public research centers-. We should take these results however with caution as our sample represents just a small part of the picture of total patenting in these technologies and our universe of firms is rather small.
A last exercise in this section, assessing to evaluate the contribution of ISL in patent quality, consists in testing the other firm-level science linkages reported in the CIS. For purposes of saving space, table 7 displays only the count part of the ZINB models and presents sequentially the different ISL linkages. Column 2 reports the baseline model with the dummy on firms considering public information sources as a very important channel for innovation. The coefficient and its significance are not so much different from the scientific-firm dummy and the tests on the goodness of fit do not change dramatically. This finding validates therefore the use of the CIS variable (use of public information) as a good predictor of involvement in scientific activities by firms. Given our small sample of firms and multicolinearity between these two variables, we are not however successful to isolate the effects of these two variables (column 4) on patent quality. We include the dummy on collaborating firms (with universities and public institutions) in the column 3. Contrarily to previous findings, patents from firms that cooperate in R&D with universities, do not generate any significant effect neither on the likelihood nor on the count of forward citations. The model in column 5 includes the different firm-level ISL. Again, given the limitation of our data the regressions are unsatisfactory to properly assess the individual effects of the different firm-level linkage measures to science.
Lastly, the right part of the table 7 reports interactive terms in order to identify citation premiums related to comparative advantages in the use of science by scientific-oriented firms.
None of the interactions appeared as significant drivers of technological impact of patents. 
The impact of science linkages on the scope of forward citation
The last part of our empirical analysis evaluates our research questions with respect to the scope of forward citation for patents and the impact of science linkages. Table 8 displays regressions on the generality and geographical index as well as on the speed of forward citations. The Herfindahl indices for generality across technology classes and countries are estimated using Tobit regression (1-2 and 5-6). We have also estimated the probability of receiving a forward citation in a different IPC 4 digit class and the probability of receiving a citation by a foreign country using Probit models (models 3-4 and 7-8 respectively).
Regressions on the median forward lag and shortest citation lag are made with Ordinary Least Squares. Marginal effects are reported for the Probit models.
Estimates in the Tobit model (1 and 2) show that patents having at least one citation to scientific publications are indeed broader in scope: patents having a scientific reference have a 28% larger generality index. Furthermore, NPR patents have a 16% higher probability of receiving a forward citation in a different IPC-4 technology class (model 3), holding all the other variables constant at their sample means. The dummy variable for scientific firm is not significant to explain neither the generality scope of patents being cited (columns 1 and 2) nor the geographical impact of patents (columns 5 and 6). No additional effect is detected on the interactive terms neither in the generality and geographical dispersion models nor in the Probit models for different IPC class citations. Nevertheless, the estimation of the Probit model (model 8) on the probability of receiving a citation from a foreign country appears to confirm the wider international diffusion of patents when the two indicators of scientific linkages are 53 This result might seem to be in contradiction with most of the past literature at the firm level that has positively evaluated cooperative links with academia on firms' innovation performance (e.g. Darby and Zucker, 2001; Zucker et al, 2002) . Recall that the effects we are analyzing here are at the level of the patented invention and therefore not directly comparable with firm level performance evaluations.
included jointly with their interaction term; the effects are however small. Lastly, the ordinary least squares regression on the median citation time and the shortest citation time, reveals that patents from firms with scientific publications report shorter forward citation lag (both in the median and shortest time models); This result confirms the speed of diffusion related to inventions coming from scientific firms.
VI. Conclusions
This research has attempted to bring new evidence on the contribution of science linkages. In particular, this research has analyzed for a sample of Flemish patents the role of inventionspecific science linkages and firms-closeness to science on the quality of patents, as measured by the number and scope of forward citations. .
Our results are summarized as follows. First, the descriptive and econometric investigations
show that references to scientific publications are not relevant to explain forward citation. This finding can be explained by the observation that patents citing science may be uncovering extremely complex and fundamental knowledge that is not easy to diffuse or may be yet far from the market application. However, the citation to science is positively related to the scope of technological impact; both in terms of generality and probability of being cited by a foreign country. Second, we find the invention-specific linkage to science, measured by references in the patent to a scientific publication, to appear only as a significant driver of patent quality in the science based technologies but this result needs still to be verified in a larger sample. And third, firm's closeness to science matters for patent quality: in particular, non-science related patents of firms with firm level scientific linkages are more frequently and more quickly cited than comparable patents of firms without these science linkages. This finding supports the existence of internal spillover within scientific-oriented firms (inventors' collaboration) and suggests an innovation process consisting in achieving high impact technology building on more fundamental innovations (patents with non patent references). In this way, this paper calls for a broader perspective in the evaluation of determinants of patent quality and the study of science linkages and innovation performance.
Before drawing any firm conclusions, the results presented here are suggestive of further research. The Flemish data set is limited in terms of the number of firms active in innovation, patents and particularly science links as measured through publications. But the methodology used in this paper, relying on a combination of internationally standardized datasets, can easily be replicated for other countries to check robustness of results on a larger sample of active firms. The small number of firm cases of science linkages in the Flemish data provides nevertheless an opportunity to examine in more detail, the mechanisms in place in these firms to realize intra-firm spillovers. A fruitful avenue for further work is to examine the patterns of self-citations across scientific and non-scientific patents of these firms. But also the pattern of core inventors & teams across firm patents needs to be brought in the analysis as a likely mechanism for intra-firm spillovers. In any case, the level of inventor-specific science linkages should be integrated with the invention-and firm-specific level to complete the analysis. Note: Firms that use public information (intensively) are those declaring a three points score in the CIS survey (the rank is 0-3, 3 being very important). Other indicators of patent quality and diffusion Table 7 Note: all regressions include the technology dummies and time cohorts (not reported to save space). Robust Standard errors in parentheses for the models probit and ordinary least squares (ols). 
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